Purpose: Signal intensity and image contrast differ between postmortem magnetic resonance (PMMR) images and images acquired from the living body. We sought to achieve sufficient fat suppression with short-tau inversion recovery (STIR) PMMR imaging by optimizing inversion time (TI).
Introduction
The worldwide decline in the rate of conventional autopsies has increased the need for and frequency of postmortem imaging as a complementary, supplementary, or alternative autopsy method. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Interpreting whether findings are related to cause of death requires knowledge of normal postmortem imaging findings. Postmortem computed tomography (CT) findings have been classified into 3 categories 11 -causes of death and associated changes, postmortem changes, and cardiopulmonary resuscitation-related changes. Similarly, postmortem magnetic resonance (PMMR) imaging findings can be classified into 3 categories. Whereas CT values are *Corresponding author, Phone: +81-29-851-3511, Fax: +81-29-858-2773, E-mail: t.kobayashi1001@gmail.com basically decided by the electron density of tissues, the magnetic resonance (MR) signal is more complicated. T 1 and T 2 values as well as proton densities influence the signal intensity (SI) of MR images, and temperature influences T 1 and T 2 values. Therefore, PMMR imaging shows changes in SI in response to lowering body temperature after death. [12] [13] [14] It is difficult to achieve a consensus on the normal appearance of PMMR because these changes depend on temperature. Therefore, PMMR parameter optimization is needed to obtain appropriate image contrast for bodies at low temperatures.
Although various types of pulse sequences are used in PMMR imaging, optimization of the inversion recovery (IR) technique is particularly important because the T 1 value of tissue directly influences image contrast. Fluid-attenuated inversion recovery (FLAIR) is one IR technique that nulls the SI of fluid based on T 1 values. 15 However, routine parameters for MR imaging of the living body do not suppress the SI of cerebrospinal fluid (CSF) of cadavers. 12, 13, 16 Tofts and associates reported that T 1 values of the CSF can be derived by measuring the diffusion coefficient of the CSF at low temperatures. CSF signals of the cadaveric brain can then be suppressed effectively by using an optimized inversion time (TI). 16 Short-tau inversion recovery (STIR) is an IR technique that nulls fat SI based on T 1 values. 15 Use of routine MR parameters in cadaver STIR imaging results in insufficient suppression of the fat signal. Suppression of fat signals requires optimization of the TI according to the T 1 temperature dependence of fat. In the present study, we measured T 1 values of cadaver fat and body temperature and optimized the TI for cadaver STIR imaging according to this relationship.
Materials and Methods

Subjects
Subjects were 37 deceased adults (26 men, 11 women) aged 27 to 82 years (mean, 57.4 years) who underwent PMMR imaging and autopsy. The autopsies of all subjects showed no abnormalities in the subcutaneous fat tissue of the anterior wall of the abdomen. The subjects underwent PMMR 8 to 60 hours after confirmation of death (mean, 23.5 hours) following cold storage at 4°C. Rectal temperature (RT) measured immediately after PMMR ranged from 6 to 31°C (mean, 18.0°C). After PMMR was performed, the subjects underwent autopsy at the medical examiner's office. Causes of death were determined to be cardiac sudden death (7 cases), ischemic heart disease (6 cases), 3 cases each of suffocation, drowning, spine injury, drug toxicity, and cerebral hemorrhage, 2 cases each of traumatic shock and subarachnoid hemorrhage, and one case each of aortic injury, diabetic ketoacidosis, hypothermia, alcoholic liver disease, and malnutrition.
MR imaging
PMMR imaging was performed using clinical scanners with the permission of the ethics committee of our institution. PMMR imaging was performed at 1.5T using a 6-channel body matrix coil and spine matrix coil (Magnetom Avanto, Siemens, Erlangen, Germany). T 1 values were measured with a relaxation time map creation tool (syngo MapIt, Siemens). 17 MapIt uses the variable flip angle method for T 1 measurement with a 3-dimensional volumetric interpolated breath-hold examination (3D-VIBE). 18 Scan parameters were: repetition time (TR), 15 ms; echo time (TE), 1.62 ms; flip angle, 5°and 26°; pixel size, 1.2 © 1.2 mm; slice thickness, 3 mm; number of slices, 22; and scan time, 126 s.
In the last 4 cases, the STIR images were obtained with 2 different TIs, 180 ms (a routine living body TI) and the optimized TI derived from the previous cases. Table 1 details the cases in which STIR was optimized. The scan parameters (except TI) were: TR, 5870 ms; TE, 67 ms; echo train length, 11; pixel size, 1.8 © 1.3 mm; slice thickness, 6 mm; gap, 0.6 mm; number of slices, 22; and scan time, 126 s. A board-certified radiologist compared the fat signals of the 2 STIR images. 
Statistical analysis
We created a circular region of interest (ROI) 5 mm in diameter in areas in both the right and left subcutaneous subcostal fat to avoid partial volume effect and postmortem hypostasis and measured the average T 1 values in those ROIs (Fig. 1) . We used Pearson's correlation coefficient to analyze the relationship between T 1 and RT and obtained the coefficient using the least squares method. We derived the linear regression between RT and T 1 and calculated the optimized TI needed to null the fat signal as 0.693 times each T 1 value derived from this regression. Statistical analysis was performed using Excel 2010 (Microsoft, Redmond, WA, USA) with Statcel 2 add-in software (OMS publishing Inc., Tokorozawa, Saitama, Japan).
Results
We measured T 1 values of subcutaneous subcostal fat in 37 cases. Because T 1 values of the subcutaneous fat did not vary between the left and right sides (P = 0.63), we averaged values from both sides. T 1 values of subcutaneous fat ranged from 89.4 to 182.2 ms (mean « standard deviation, 137.4 « 24.7 ms). Figure 2 shows the relationship between the T 1 of subcutaneous fat and RT. Correlation was significant between T 1 and RT (r = 0.91, P < 0.0001). The regression expression is given by T 1 = 2.6*RT + 90. Table 2 displays the results of the last 4 cases of measured and estimated T 1 values. The fat signal was suppressed using the optimized TI (compared to using the routine living body TI) (Fig. 3) .
Discussion
In this study, 137.4 « 24.7 ms was the measured T 1 of subcutaneous fat in cadavers. This value is shorter than previously reported values in the living body (200-343 « 37 ms). 19, 20 The low body temperature of cadavers is thought to be the main cause of this finding. Temperature-induced changes in T 1 values are predicted by the classic Bloembergen Purcell-Pound (BPP) theory. 21 For a simple homogeneous system, the BPP theory describes the T 1 value as:
where ½ 0 is the nuclear magnetic resonance (NMR) frequency and¸c is the correlation time associated with the fluctuating local field. The correlation time is inversely related to the temperature. We observed a significant correlation between the T 1 and RT of subcutaneous fat. The regression expression is given by T 1 = 2.6*RT + 90. The temperature dependence of T 1 in tissues is complicated by the highly heterogeneous environment. Therefore, both the T 1 value and its dependence on temperature are different in different tissues. However, empirical studies conducted at relatively low magnetic field strengths indicate an approximately linear temperature dependence between T 1 and RT. 22, 23 A representative relationship between temperature and T 1 can be described as: where m is determined empirically for each tissue, 24 and T ref is the reference temperature. 25 This equation supports the results of the present study; the regression expression is given by T 1 = 2.6*RT + 90. Some researchers have reported longer T 1 values of cadavers than the living body. 10, 26 However, these reports were obtained from immersion fixation of a rat or from infants and not from normal adult human bodies. Moreover, adipose tissue does not cause autolysis because it does not have enzymes. 27 These points could be reasons for the shortening of the T 1 value of fat according to low body temperatures.
STIR can suppress the fat signal extensively and uniformly, and its utility has been shown in the detection of small strains in muscle tissue, for example. 28 Preliminary knowledge of the T 1 value of fat is necessary to ensure the quality of fat suppression using STIR in PMMR. As long as the TR is much longer than the T 1 value, the TI that nulls the fat signal will be 0.693 times the T 1 value. 15, 29 If the T 1 value of the fat can be obtained using a reliable method, TI can be optimized easily. MapIt is a technique that can be used to measure the T 1 value. In general, multipoint IR is one of the most precise techniques to measure T 1 , but its use to determine T 1 often requires a long scan time. 19 In contrast to this traditional technique, MapIt achieves reasonable scan time. Moreover, MapIt achieves reliable accuracy with appropriate scanning parameters. 17 The T 1 values measured in this study are also considered reliable because they were obtained with appropriate parameters. However, it is desirable to avoid additional scan time for T 1 measurements if possible. The regression expression derived in the present study is useful for such cases.
Our study has several limitations. We did not investigate SI differences related to pH changes. Though the tissues in a deceased person are thought to have increased acidity, 30 we did not measure the pH of subcutaneous fat tissue and thus could not evaluate the effect of pH changes on SI in PMMR imaging. Further investigation is necessary to measure such effects. Second, unlike core temperatures, surface temperatures are highly sensitive to changes in ambient temperature. A model for skin cooling needs to take into account such changes. 31 In most cases, body temperature begins to fall soon after death and continues to fall until the core temperature reaches the temperature of the environment. However, in our experience, the difference between RT and subcutaneous fat temperature is no more than 5°C. Third, relaxation times change at different magnetic field strengths. Therefore, the relationship between T 1 and temperature should change in concert with other MR parameters. Its strict definition requires that body temperature be measured with each individual MR scanner because relaxation times can change slightly with different equipment, even at the same magnetic field strength. 20, 32 However, when the SI of fat is adequately suppressed in STIR, even if the TI is somewhat different from the null point, the SI will not change dramatically. The results of this study can be used to help create appropriate image contrast in PMMR STIR imaging at 1.5T. This STIR TI optimization was validated in only 4 cases; further validation of the regression expression with more subjects is necessary. . The fat signal was significantly suppressed using the optimized TI compared to using a routine living body TI. Muscle strains (arrows) and rib fractures (arrowhead) can be easily visualized.
In conclusion, there was significant correlation between the T 1 of subcutaneous fat and RT at a field strength of 1.5T, as shown by the linear equation T 1 = 2.6*RT + 90. When measurement of T 1 value takes time, the present results demonstrate the feasibility of TI optimization for PMMR STIR imaging using this relationship.
